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SUM_RY

,- Th_s report describes the development of a drill stem to be used with

the Apollo Lunar Surface Drill to drill holes in the moon's surface to em-

place the lunar heat flow experiment, and the subsequent development of a

prototype model of a core retrieval system that does not require the removal

of the drill stem f_om the lunar subsurface.

The objectives of the development program were: (a) to reduce the

number of tasks, eliminate excessive physical exertion, and reduce the time

required to drill two 3-meter heat flow holes in the lurar surface and (b)

to increase the quality and quantity of t_._lunar subsurface soil samples
%,

:_ taken from the boreholes.

,_ The program resulted in the development of prototype models of a drill

stem made of epox_ fiberglass, reinforced with axially aligned crystalline

_• boron fibers. This stem is compatible with the &xisting Apollo Lunar Surface

'_ Drill powerhead and replaces the titanium drill stem and fiberglass casing ini-

tlally designed for emplaclng the heat flow experiment probes.

_ The mechanical properties of the composite stem developed under this

'_ program (a Young's Modulus of approximately 12 million PSI and high torsion

_:i _ strength) provide a drilling performance nearly equal to that of tlletitanium

drill stem. The thermal conductance of the epoxy-boron stem is approxi-

mately 0.01 watt-cm/°C which is low enough to permit accurate temperature

gradient and the conductivity determinations to be made in the lunar soil

through the walls of the drill stem.

A solld-face drill bit, 1.125" in diameter, was developed to be used

with the boron filament stem. Unlike the original coring bit, this bit

[
• removes all material in s 1.125" hole. After drilling the borehole to the

required depth with the composite drill stem and solid-face bit, the temper-

':=:_i ature-senslng probes of the HFE can be directly inserted into the hollow

=_.._

.....-.:,_
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stem. This eliminates the tasks of retracting the titanium stem and

:;i drilling down a separate fibe_ glass casing required with the original ALSD

L

design.

" The prototype models described above have been successfully developed

into flight hardware by the Martin Marietta Corporation of Denver, Colorado

and are now incorporated into the Apollo Lunar Surface Drill design.

In addition, a lunar core sampling system was developed and a prototype

fabricated. This system would permit the astronaut to remove core samples

from the borehole without retracting the drill stem. The core is collected
t'

in thin-_alled core liners that are inserted and locked into the lower part

• _ of the drill stem. The same liners can be used as sample return containers.
2_

This coring system has been successfully tested in uncohesive aggregates of
=

rock powder similar to those thought to compose the lunar surface layer.
.#

This system e_n obtain a more representative sample of the drilled material

"" ."_ than the titanium drill stem.
• /

....•_ The development work was carried out at the Lamont-Doherty Geological

_ Observatory of Columbia University with assistance from the Martin Marietta

_ Corporation, Arthur D. Little Co., Inc., Chlcago-Latrobe, and the AVCO
._ •

BACKGROUND

• The Heat Flow Experiment (BFE) is one of several experiments in the

ALSEP program that wiIi be emplaced on the lunar surface during a lunar

: landing mission. The HFE is designed to measure the heat budget in the

i shallow subsurface of the moon for a period of one year. This measurement

wlll be achieved by making very _reclse measurements of temperature difference

{i, in the lunar soil together wlth measurements of the thermal conductivity of

_:_>2'_I the moon's subsurface material. The principal objective is to determine

.._._._ the net loss of heat from the deep interior;
." _ ,_,i
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:' One of the prob]ems in making this type of measurement is how to

= eliminate the large dil,rnal surface temperature variation (_350°C) induced

..'" by the sun. These variations decrease rapidly with depth in the poorly

conducting lunar surface layer. If the temperature sensors are 1.5 or

more meters below the surface, they would detect variations of only a

fraction of a degree and can be subtracted from the steady components we

wish to measure. Thus, by burying the heat flow probe 1.5 or mot'e meters

-, - we can greatly improve the accuracy of the hhat flow determination.

;' The Apollo Lunar Surface Drill: The ALSD is a system capable of

i, drilling and casing two 3-meter holes with a nominal ID of 0.875" in the

,._ .lunar soil in which the heat flow probes are buried. The drill system

;" originally delivered to MSC b'1 Martin Marietta consisted of a battery-

-.,_ operated, rotary-percussive power head, 8 sections of titanium drill stem,

•_ a coring bit, twelve sections of epoxy fiber glass borehole casing, and

" auxiliary equipment that included a foot treadle, a storage rack, and a

wrench.

J

" "The procedure to emplace the first of the two heat flow probes in the

:_"/$,..:::_? lunar surface using the original ALSD is to: . (i) drill a ten-foot hole

"_ "..i.._ using eight sections of titanium drill stem, (2) retract the drill stem
v:.l

" from the hole and empty the core material on the surface, (3) reenter the

hole with the fiber glass casing, and (4")insert the first heat-flow probe.

i To emplace the second probe: (5) drill a ten-foot hole with the titanium

i stem, (6) retract the drill stem,. (7) disconnect each section of stem con-taining core material and store in hand tool carrier, (8) reenter the hole

with the fiber glass' casing, and (9) insert the second heat-flow probe.

:$:;::

i
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': Many of the tasks c_ be avoided by using a drill stem that does not

' have to be retracted from tllelunar subsurface. Such a drill stem must

have a low thermal conductance, so as not to degrade the heat-flow experi-

ment performance, yet have an axial modulus high enough to effectively

transmit the percussive energy of the power head to the bit. To utilize a

low conductance drill stem that can be left in the lunar subsurface it is,

of course, necessary to develop eit'.er a solid-face bit that does not allow

material to enter the drill stem, or_ If a coring bit is use_ to develop

a core retrieving system that can remove material from inside the stem.

t The approach that seemed most feasible was to replace the titanium

drill stem with a stem made of composite material. An epo:-:y resin was
o

i' chosen for the matrix of the stem tube because of its low thermal conduc-
4"

•: tlvity. The epoxy is strengthened by glass fibers wound clrctm_ferentlally

_ in the tube walls. The axial stiffness is increased by an order of magni-

tude by including filaments of crystalline boron (Young'S modulus 60x106 PSI),

aligned with the tube axis.

._ . From the start of the"program we hoped to develop a solld-face bit by

•_ a modification of the existing ALSD coring bit designed by M.artln Marietta
• __ 4,

•I_ and Chtcago-Latrobe, thus benefiting from the experience and _.,._ting that

" went Into that bit development. Our approach, which proved successful, was :

to insert a central cutter Inside the annulus of cutters of the core bit.

When drilling solid rock, the" core bit leaves a small cylinder of material i

standing above the cutting face, this cyilnder Is broken up by the carbide i":'./ " central cutter.

An alternative to the solid-face bit is to rcmove the core material

"_." from inside the boron drill stem. Because of the great scientific Value

]97003]454-0]0



2 of the subsurface core samples, a system that could retrieve the sample

_: would be worth the extra astronaut effort required. To this end we began

development of a "core retrieval system." We decided to utilize a system

$
similar to that used in standard drilling techniques. The basic feature

of the system is a thin-walled core liner that is locked in the bottom

section of the drill stem. These core liners would be inserted and locked

in place. After drilling into the lunar subsurface the length of the core

liner, it is locked in place and removed by the astronaut. For _mplacement

:" and retrieval of the liners a special too! would have to be designed. This

_ liner serves as a core sample container on the return flight.

DESIGN REQUIREMENTS

A. Boron Filament Reinforced Fiber Glass Drill Stem:
£
v

i. Stem body: The stem body should have an axial modulus of elasti-

city sufficiently high so that its drilling rate in dense basalt is com-
e

! parable to that of the titanium stem. (¥oung's Modulus of titanium is esti-

mated at about. 16 x 106psi.)

_ 2. interstem JOints: Because of llmited storage space and astronaut
.!

- i handling requirements, the stem is broken down into sections about 22" long."

1 This ]olnt must be rejoined on the surface and must be designed to transmit .

'. the percussive energy with little or no attenuation and also transmit the

torque from the power head (maximum 30 ft-lbs). ._

3. Thermal conductance: The conductivity of the composite boron

stem should be less than 0.01 wattslcm°C in the axial direction.

4. Flutes: Helical flutes are added to the outside of the bore

' , stem to transport cuttlngs from the drill face _o the surface. These flutes

':_.. must have sufficient wear reqlstance to maintain t£elr f_nctlon after drill-
ff .

., In£ up to four minutes in solid rock.

1970031454-011
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5. D_enslons: If possible the dimensions of the drill stem should

be similar to those of the fiber glass casing used on the existing ALSD.

B. Solld-Face Drill Bit:

i. Drill rate: To meet performance requirements the solid-face

bit must drill at nearly the same rate as the bLSD core bit. Typical rates

are 1 to 2 inches/mlnute in dense basalt, 4 to 7 Inches/mlnute in vesicular

basalt with a 40% void ratio.

2. Thermal considerations: The efficiency of the bit should be

high enough to preclude damage to the epoxy resin in the stem due to high

temperatures (l.e. <300°F). Some means sould be provided to thermally

Isolate the bit from tileste,n if hlgh temperatures cannot be avoided.

3. Interchangeability: The solld-face bits should be interchange-

able between stera sets and with coring bits.

:_ C. Core Retrieval System:

1. Subsurface sampling: The core syst_ should be designed to obtain

: the'maxlmum samvle with the minimum of physical damage to the sample.

' " 2. Operability: The system should be easily operable by a sFace-

"_ _ suited subject.

..
3. Core sample return container: The core llners should also serve

t

as a return container storable in the sample return container. (Storage I •
!

in the SRC is l_mlted to objects that are less than 16.?$" in length and [-'-

L;are composed of non-organlc materials.)

!iis retracted from th_ stem and while being handled by the astronaut.
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5. Compatibility: The core retrlev system should be compatible i

with the boron stem and the AL_D power head.

: 6. Storage: The system should be designed so that together with

the remainder of the ALSD drill syste_ it can be packaged within the existing t

ALSD volu_ envelope.

SUBCONTRACTJNG ARRANGemENTS

The AVCO Space Systems Division, under a subcontract from L-DGO, was

initially chosen to perform the design and development of the composite

drill stem. The _ork was done under the guidance of L-DGO. The subcon-

tract with AVCO conslste_ to two tasks:

Task I: To conduct a design and manufacturing feasibility study.

• Task II: Fabrication of prototype sets of drill stem.

After completing task I, the subcot,tractwas termlnf.ted.

_ Phase II wns completed under a separate subcontract with Arthur D. '

Little, Inc. This _'orkwas also done under the supervision and direction

of Lamont-Doherty Geological Observatory.

: The development solid-face bits were purchased by L-DGO from Chicago-

•.] Latrobe, Inc., based on L-DGO drawings.

PkOGRAM DEVELOPMENTSAND TEST RESULTS
i

A. Boron Filament Reinforced Fiber Glass Drill Stem:

I. Drill Stem Body: The boron drill stem developed under"this 1

program is shown in Figure I. i

•' (a) Design: The tubular body of the drill stem has a sandwich

• _ construction (the details of which are shown in Figure 2). Innenaost are
tb ;

:.t: two layers of epoxy fiber glass, with the glass filaments, helically wound

1970031454-013
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at plus and minus 45 o to the stem axis. Three layers of boron filaments

are wrapped over these layers that are aligned with the long axis of the

tube• Two additional layers of fiber glass are wound over the boron at

angles plus and minus 45° to the stem axis. This configuration gives a

nominal outer diameter of 0.990" with an inner dian_eter of 0.875".

The flutes to transport drill cuttings to the surface are helically

wound aroung the stem body as shown in Figure i. The flutes are also made

of fiber glass and form a double helix with a i" pitch. The outer surface

of the flutes are impregnated with sili=:, powde: to increase abrasion resistance.

Each flute is 0.10"to 0•15" across and stands about 0.45" above the stem body.

As can be seen in Figure i, the diameter of the stem body is increased at the

female joint, whereas the flute diameter is constant, and as a result the

flute depth over the joint area is very small, i.e., about 0.01".

(b) Phyeical characteristics determined from tests: Mechanical

tests were made on some prototype tube sections fabricated at the AVCO Corp-

oration. These tubes differed slightly drom the tubes described above. The

configuration of the AVCO tubes is as follows :
I

•(1) 0.014" plus and minus 45° epoxy-glass inner layers•

(il) 0.015" axially aligned boron.

(iii) 0.011" plus and minus 8 o fiber glass outer layers.

The average measured properties of several tube sections were:

Axial young's Modulus 11.6 x 10 6 PSY, shear modulus 1.57 x 10 6 PSI and

Poisson's ratio 0.20. (The AVCO Corporation's final report is appended to

this document, APPENDIX A.) Theoretical values predicted were 12 x 106

PSI and 1.3 x 10 6 PSI for the ¥oung's and shear moduli.

AVCO also conducted tests to determine the wear resistance of the i

flutes with different "fillers" in the epoxy fiber glass. 1%ree fillers were

1970031454-016
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tested; graphite powder, teflon, and chopped silica. _e chopped silica

produced the greatest improvement in wear resistance. (See the AVCO report
f

for further details.)

The thermal conductivity of the test specimens made at AVCO were

measured by that company. Conductivity was measured as a function of

temperature. The only results relevant to the HFE are those at 37.7°C and

93.3°C. The) are 0.0276 and 0.467 watts/cm/°C , respectively.

Ft_rther conductivity measurements on the boron stem were made at

ADL by request ef L-DGO under Subcontract #6. These measurements are re-

viewed in the A3)L report, APPENDIX B.

These results give a value of conductivity equal to 0.0096 watts/

cm°C at 27°K and 0.0108 watts/cm°C at -73eK. The procedure of the AVCO

conductivity measurements was not made available to L-DGO so that we have no

way of assessing the difference by a factor of two between AVCO and ADL

numbers. We did witness the tests at ADL and reviewed the analysis so that

we have confidence in the results. We conclude that the conductivity of the

boron tube is:

°C OK Conductivity*

_ 27°C 300°K 0.0096 ± 0.001 watts/cm°C

-73°C 200°K 0.0108 ± 0.002 watts/cm°C

* The conductivity is measured axially in the tubes.

(c) Drilling Tests:

The prototype samples made by AVCO were used to compare the boron

reinforced fiber glass stem w_th the titanium stem. These tests were i

ilil• carried out in the Martin Marietta Corporation facllity in Baltimore. These :i

Zests gave an early indication that the stem could transmlt the required

1970031454-017
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!_ In the spring of 1968 we built a small test facility at L-DCO.

The facility consisted of a Black and Decker rotary-percussive drill, Model

723, that has characteristics very similar to the ALSD, and some test

specimens such as finely crushed basalt stone, and blocks of vesicular and

dense basalt. All of the tests described here were made in the L-DGO

facility.

A comparison of drilling rates was made using samples of titanilun,

boron reinforced epoxy fiber glass, and fiber glass stems reinforced with

axially aligned glass filaments. Each of the fiber glass stem samples were

composed of two 20" lengths bonded to_ether over an aluminum plug. The

titanium stem sample was 34" long (2 sections of standard ALSD stem).

Table i shows the results of tests with the three types of stem.

Notice the tests were run for four different types of drill bits as well.

:! (The drill bit tests will be discussed later.) For both the solid-face
• J

_ and coring bits with a diameter of 1.027" the drilling rates achieved with

the three stems are comparable (the 0.53 rate for axially aligned glass

'_ fiber maybe anomalous, perhaps due to an exceptionally hard layer in the

basalt.) The energy transmission of each is better tested by the larger

• " _ diameter bits where more energy per blow is required because of the large

i"

_, cutter contact area. For these tests the boron filament reinforced fiber

i glass and the titanium show a decided advantage over the glass. We believe

that larger kerf areas might also simulate the performance with a 1.027"

diameter bit when the drill stem length is nearly i0 feet.

;. The axially aligned glass performs remarkable well considering

./":, the low modulus of the material. However, it is apparent that long

lengths of this material might produce very slow penetration rates, i

"-_"_ii_
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TABLE i: Drilling rates (in inches/minute) of development

ALSD bits as a function of kerf area* and type of drill stem.**

Type of Bit Solid Face Coring Coring Coring
(1.027" dia.) (1.027" dia.) (i.125" dia.) (1.250" dia.)

Kerf Area 0.821 in2 0.391 in2 0.558 in2 0.789 in2

Type of Stem

= , , Fitanium 0.84 (i) i.i0 (i) 0.65 (i) 0,46 (i)

{ _xially Aligned

• Glass Fibers 0.82 (2) 0.53 (I) 0.44 (l) 0.26 (i)i

Boron Reinforced

' Fiber Glass 0.99 (2) 1.20 (i) 0.71 (2) 0.32 (i)
• °

-...:.:_

"S

Notes :

- The number in parentheses gives the number of tests conducted.

",.",i': i When two tests were made, the results were averaged. ._

!'_'r:+I_ " - All the tests were made in dense basalt.

;::::+.._| * Width of the bite of the cutters times the mean circumference. /

'._k%-"ii_
.'.e,_, ** These data are plotted in Figure 3 on the following page.
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" 2. Taper Joint:

;,:_ (a) Design history: Designing a workable taper joint for

the boron filament drill stem proved to be the most difficult tas_ in the
!:.

development of the boron drill stem. The initial taper joint design was

a simple taper of 0.012inches/inch for a length of I" machined into the

outer glass layers of the male and female pieces. The inner part of the

tube containing the boron filaments was ground to form a flat shoulder

that butted when the joint was made up. This type of joint failed during

? testing due to lack of adequate hoop strength; also the boron filaments

: sheared off at the shoulders.

To correct for this, the second design incorporated steel rings;

one internally on the male to retain the ends of the boron filaments and

the other externally on the female section to increase the hoop strength.

(See the drawing in APPENDIX A, Figure 2.) This joint also failed after
._

_ a brief test because of insufficient hoop strength. The last joint men-

: tloned was remachined to relieve the stress at the glass-boron interface,

.; but this modification allowed the slip in rotation, Joints overheated and

• _ collapsed. (See APPENDIX C, "Drill tests during January, 1969, pp. 2 and• 4 ..

I 3, for more detailed descriptions of these tests.)

•_ (b) Final design of the taper Joint: The previous tests

...: led to a basic revision of taper Joint deslgp: The steel reinforcing rings

were removed, and the female taper was reinforced by overlaylng, it with

short lengths of boron filaments. In addition," circtinferentially wound

fiber glass was applied around the female taper Joint to increase hoop _

t strength. The taper angle was increased from 0.012 inches/inch to 0.018 _.:.
: ",:"

inches/Inch to decropse radial stresses in both the male and female sections
_,. L.

'::'"; of the taper. This Joint configuration has proven successful, and is the :

_. _

• ,N-_._
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basis for the final design. The configuration of glass and boron layers in

the final taper joint design is shown in Figures I and 4.

(c) Summary of taper joint tests: Many tests of the taper joints

were made in the course of development. For the final taper joint design

we ran an endurance test that lasted for 22 minutes of drilling in dense

basalt wit|, no apparent joint degradation.

3. Bit Adapter Section: It was found necessary to put a 4" titanium

adapter section between the drill stem and drill bit to allow for the inter-

changeability of drill bits, to decrease temperatures seen by the the epoxy

stem, and to reduce abrasion in the section behind the bit. Figure i shows

the detail design of the bit adapter.

(a) Thermal considerations and tests: It was felt that Lhere

may be a significant amount of heat generated in the drill bit during drill-

Ing of rock. Concern for the effect of this heat on the resin system of the boron
, "4

filament stem led to a test to determine the magnitude of tlleproblem. The

, test is described fully in APPENDIX D and is summarized briefly below. The

temperature measuring system employed three copper eonstantln thermocouples,
f

a strlp chart recorder, ice bath, insulated thermocouple housing and other

" I associated equipment.

";_ .Using a Black an_. Decker Model 723 power head and the boron drill

stem with a 1.027" solld-face bit, dense basalt was drilled for a given

length of time (i to 4 minutes); at the completion of the drilling period

the bit was transferred to an insulated thcrmocuple housing and temperature

• ;: _ readings at various points on the drill stem were made. The temperature as

-!., a function of drilling time is shown in Figure 5. It can be seen that even

°:-'_ ;_:_ after 4 minutes the bit temperature is about 90°C which is well above the point

"':;,_•:
__ +_._ at which the epoxy degrades.

i
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!_ (b) Adapter design: As a result of the tc_.ts described above

a nominal length of 4" was chosen for the bit adapter. The size of the

drill bits and bo;on d_ill stem determined the other dimension of the bit

adapter.

B. Solld-Face Bit

i. Experience gained In developing the ALSD coring bit provi _ In-

formation on bit design parameters. Point pressure exerted on the rock

by the carbide kerr cutters must be kept above a finite threshold value

to obtain chipping at the rock face. If point pressures are be]ow the"

thresho]d, the rock is pulverized rather than cnlpped and the drilling

rates will be much lower than those obtained with the LASD bit.

.. 2. _e design basis of the solid-face bit was the ALSD coring bit.

_ In the first solid bit design a single tungsten carbide blade was placed

: inside the bit shell to remove the core. On the first prototype this

i blade protruded beyond the k_ft cutters• (See Figure 6;)

•_ Drilling rates obtained with this blt wero extL'emely icr,_because of

•_ low .point pressures. A second test was made with this blt to determine

.-._ the efficiency of the core cutter. An ALSD coring blt was used to drill

a hole In dense basalt, leavlng the central core undisturbed. This holeJ

I

;_ was re-drllled with the solld-face bit as a test of core cutter efficiency. ._

The central core was removed at a high rate. This test showed that it is

J
relatively easy to break up the central core once it i_ s_anding about 1/2 j

Inch above the cutting face. The reason for thls Is that the free cyllndrl-

: cal surfaces lead to fracturing of the column both in shear and spallatlon.

This discovery lead to a final, h_ghly efficient _o1_d-face blt design.

•
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•",_:_._ FIG. _ - Prototype of solid faced drill ]_it. l_ote the core cutter protudlng
_x,_..,- beyond the kerr cutter at left.

_.._.,'{:| FIG, 7 - SoUd faced, drill bit, final design. Three of the six elliptical
_,_,,.:_a exit ports _or core cuttinss are visible.
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The second prototype solid-face bit also used the'AI,SD coring bit.

However, the blade was recessed about 3/8 of an inch behind the keff cutters

of the core bit. Six eliptical holes were machined into the body of the

bit at the base of the core cutter to serve as exit points for the core

cuttings. (See F_gure 7.)

Tests of this bit were successful, giving rates of 4 inches/minute in

vesicular basalt and I inch/minute in dense basalt. (See Table I.) This

bit configuration has been chosen fo£ the flight hardware with only minor

modification.

One important consideration of the bit design was reduction of the

kerr width of the annular coring cutters. Experimental results (given in

Table I and plotted in Figure 5) obtained with bits of three different kerr

areas, show an almost linear relation bet_een kerf width and drilling rate.

The great gain in effective kerr area of the solid-face bit is dramatically

sho_m by these tests.

C. Core Retrieval System:

-.

I. System Concept: The core retrieval system is dee_gned to collect

a subsurface core sample without the necessity of removing the drill stem

from the borehole. This is accomplished by locking a core liner tube into

the lower end of the drill stem, drilling to a depth approximately equal to

the length of the core liner tube and then removing the tube.

A typical procedure for coring one hole would be to attach one of six

core liner tubes to the core locking mechanism. This assembly is inserted

in the drill st.Ing with an emplacement retrieval tool and locked in place

by rotating the core lock capstan. The hole is drilled to a depth calcu-

lated to fill the core liner tube, the core lock "is re!ease_,.and the core
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#
liner tube is removed by using the retrieval tool• The sequence is then

repeated until drilling is completed. Figure 8 shows the complete coring

system developed at the Lamont-Doherty Geological Observatory.

2. Core Liner/Samp le Return Container: The core liner was designed

to function as both a core liner and a sample return container. Strict

design requirements are placed on it as a result of this dual function.

The core tube must interface with the drill stem, core lock and sample return

container and meet the aseptic requirements for returning lunar samples.

The prototype core liner is fabricated from thin-wall, high strength

aluminum alloy tubing• Testing of early designs showed that the tubes were

deficient in two areas: (i) The presence of rock particles which became

lodged between the core tube outer surface and the inside of the drill stem

made removal of the core assen_ly difficult, and (2) core material was

frequently lost during removal of the liner from the stem.

Core liner jamming was eliminated by installing a felt-flocked paper

seal at the bottom of the core liner (see Figure 9). This sea$ effectively

limits the entry of rock and rock dust particles into the core liner-drill

stem interface and cleans that interface during core liner insertion.

Loss of cored material was minimized by using a core liner fitted with

a core catcher. The use of fine wires radially aligned to the long axis

of the tube functioning as core catcher proved somewhat successful. However,

a disc of mylar film (shown in Figure i0) cut into 12 triangular segments

proved to be the most effective Sore retainer tested to date in dry rock

powders. The core catcher is held in place between butting shoulders of a

; separate tip section. The core catcher disc is fabricated with a diameter i

i:i large enough to fit in this shoulder and is held in place by the clamping

1 action of the two pieces.

i
I
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FIG. 8 - A set of coring equipment. From left to right; torque limiting
handle for emplacement retrieval tool, five extension sections

!_+i for emplacement retrieval tool, interface adapter section, and

J the lock liner assembly.
core coreI
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FIG. 9 - The felt flocked paper seal winch prevents entry'of rock particles
into the core liner - drill stem interface.

FIG. 10 - A mylar film core catcher shown mounted in a core liner sample/
- return containe r.
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3. Core Lock: The function of the core lock is to hold the coring

. assembly in place during the drilling operation.

Our initial core lock design utilized phosphor bronze spring fingers

which were forced against the drill stem wall at an acute angle. A screw

driven cam actuated the spring fingers. Upward force on the coring assembly

caused the spring fingers to slightly penetrate the drill string wall there-

by preventing movement of the coring assembly. Tests showed that these

fingers were not nearly strong enough to hold the core liner in place.

A second development core lock used a ball detent mechanism. _,,o 0.250"

diameter steel balls were contained in the core lock body. Detent holes

were made in the drill stem wall to accommodate the steel balls. A screw

driven cam forced the balls outward into the detent holes. Reversal of

the cam motion allowed the balls to retract during core retrieval. Tests

-,. in dry rock powders revealed that the core liner exerted such a strong upward

!_ force during drilling that the steel balls actually tore the fiber glass

stem upward from the detent holes.

•_ A third and final core lock design utilized an expandable cylinder with

a knurled surface to engage the interior surface of the stem. _le first

,_ model of this type had two tapered plugs enclosed in an articulated cylindri-
"7 $"

.'_ cal shell. A lead screw drew the plugs together causing an increase in the
7

diameter of the shell. A theoretical mechanical advantage of over 500 is

possible. In the final design a simpler version of this core lock utilizes

only one taper plug and is articulated at only one end. The final core lock

design is shown in Figures Ii and 12. Figure 13 sh3ws a final assembly draw-

Ing of the core lock mechanism.

_:._ The core lock and core liner are Joined with a knuckle type Joint mated

by rotating one of the pieces through a 90o arc, pictured in Figure 14.
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_+_ FIG. I S - Locking joint of Emplacment Retieval Tool. This joint transmits
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4. Emplacement/Retrieval Too]: Emplacement, retrieval and core

lock actuation are perfomned with a special tool. This tool must be de-

signed to transmit tension, compression and bi-directiona] torque to the

core lock capstan. The prototype unit consists of a torque-limiting

handle, five extension sections, and one ade'ter section. The handle is

connected to the adapter section directly or with one to five extension

sections interposed. The interstem joints are not separable once they have

been connected except with a special tool. Ordinarily there is no need

to separate the sections on the lunar surface.

The handle limits the torque applied to the core lock to a pre-set

: amount. The components of the core emplacement and retrieval tool are

,. shown in Figures 15 and 16.

5. Summary of Development Tests of the Core Retrieval System:

,_. Development tests were carried out at the L-DGO test facility using a Black

and Decker model 723 rotary hammer run at a reduced voltage to simulate the

ALSD power head. A fifty-flue gallon drum filled with material from the
?

-._ Martin Marietta Corporation was used to simulate the lunar surface. IIard

i
rock drilling was done in either a 17-inch thick block of vesicular basalt

Or an 8-inch thick block of dense basalt. Tests were run using the core

a system pictured in Figure 8 in a very loose misture of basaltic rock

: powders. The predominance of the material was finer than 74_ (over 50%)

but coarser particles were also included up to I/4" across. _e system

was shown to take a representative sample of the powders penetrated, how-

ever, the amount of sample retained was a strong function of drilllng rate.

: _ For example, drilling at s rate of 4 inches per second the core recovered

only 15% of the material penetrated that was above the core catcher. But

_ at 2 inches per second and I inch per second the pcxcent recoveries were

,'; about 3SZ and 75Z, respectively. These results sh_a that for effective
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FIG. 16 - The torque limiting wrench handle. From left to right are the
top, side and bottom views. The side view shows the actuating
pin with handl,_ and three of eight recess holes for the ball detents. .-.
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., sampling of a loose material such as thv lunar regolith, the return is

• greatly improved by keeping tllepenetration rate below I inch p_r stool,d,

or about one section of stem per 30 seconds.

ITEMS DELIVERED UNDER Tills PROGRAM

A. Four sets of boron filament drill stem manufactured by t1"eArthur

D. Little Company are deliverable to the Martin Marietta Corporation. Each

set consists of five standard stem sections and one adapter section. 1_e

stems will confon_l to L-DGO drawings; BFS lO00Rev. A, BFS i001 Rev. A, and

BFS 110 Rev. A (info2_ation included in Figure 2).

B. Ten solid-face drill bits which will interface w_.th the adapter

were fabricated by Chicago-Latrobe for L-DGO. These bits have been delivered

i to Martin Marietta Corporation.

::. C. Thre_ complete coring systems have been fabricated at L-DGO and will

remain here for further testing.
%

-' RECO,X_4ENDATIONS FOR FUTURE WORK
¢

•;" " Accuracy of the HFE could be enhanced by improving thermal coupling

between the drill stem and heat flow probes. Probes and drill stem wlth :,

z" smal]er diameter and lower thermal cenductance would help to make these i

' improvements. Coring operations presently planned do not make optimum use

of the ALSD. Modifications to the ALSD Includlnr_: use of the I.-DCO coring

system, changing the drill stem diameter, and lowering the dri111ng rate

would improve the quality of the ¢o_e, studies to determine the correct

:" methods of deciphering a core obtaln_d with rotary-percusslve drllls are

required; lunar mode'Is of various geographic areas including those with

• -._. - stratified msterlal should be cored exl,ertmr:ntally. .

--

,;.¥
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1.0 INTRODUCTION

,.

The program was divided into two separate consecutive phases. Emse I

which is reported herein was a design and manufacturing feasibility study

which was directed at proving the feasibility of using a boron/glass

reinforced composite Eaterial for the Apollo Lunar Surface Drill (_I_D)

bit extensions. The problems wl_ichwere addressed in the program were . .

I. energy transmission

2. joint desiEn

3. flute _:ear

_. thermal conductivity

The following paragraphs _F,11discuss in detail each of these problem

areas and describe the _'esult_of the work wkich was conducted in v_ious

ta_ks of the program. , ,_

2.0 _EP_Y TRanSmISSION

•_:

_ From an evaluation of both the service requirements and fabrication

_ limitations, a prel_dnary design concept _ms selected. This concept
• _,.

i utilized a combination of boron and glass filaments. Uldaxial boron

filaments were employed to obtain the highest possible a_ial stiffness and

to elimin2te the problems associated with _a,apping boron at an angle. In

fact, previous fabrication studies on this component eliminated wrapping

boron at an angle of 2_ degrees"from the axis, an angle which would yield

a highly desirable combination of axial and torsional stiffnesses. Because

_ of this lluitation, angle ply glass fiber were combined with the unlaxial

bo_n to i_crease the torsional stiffness in _ddition to pr.oyidln_m_ooth,

"•" •

"°

P

I
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non-splintering inno ,1_douter surfaces. The non-splintering rcqliremcnt !

becomes particularly acute at the tapered joinLs where it was hoped that

the angle ply glass fiber would conbain the boron so as to avoid flaring. &

One additional reason for the selection of glass in combination with boron

was its low conductivity.

f

Several configurations of glass an-/boron were ans_lyzedusing the Avco

Composites Anslysis Program (2511). _ne predicted properties a1-egiven

in the following table.

C_dPOSITE PROP_-_TIES

Bolon Glass
Thickness Thickness Axial Mod,Alus Shear Modulus
C ns) (ms) (psi) (psi)

25 axir_l 14 @ + 45° 20 x 106. 1.3 x 106

20 axial 19 @ + 45° 16 x 106 1.3 x 106
"" t L_

i0 axial 29 @ + 45° 8 x 106 1.4 x 106 _-

• 20 @+I0 19 @+ 45° 15 x 106 1.7 x 106

15 axial 14 @ + 45° 12 x 106 1.3 x 106
ii @+8 ° _ .

i

After investigating the thicknesses of glass filament that sre commercially !

available, it was decided to select as a first attempt a configuration !

utilizing 7 mils of glass fibers wrapped at _+45 degrees on both the

inner and outer surfaces and 25.mils of boron sandwiched between. This

combination would result in a total wall thickness of approximately 39

mils which is Just short of the 40 mils required. This configuration

_rleldedthe follovlng predicted mechanical properties:

Aw_al ¥o_ngs Modulus = 20 x 106 psi

Torsional Shear Modulus - 1.7 x 106 psi

I
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" Subsequcnt fabrication studies _nd the cost of very thin glass t,,pD¢

required that 14 mils of glass be used in the inner and outer layers

!. with 15 mils of boron sand_ric_"_dbetween.,_hefinal configuration selected

was the following

a) 15 mils axial boron

b) 14 mils @ + 45° glass for irmor layurs

c) 11 mi3_s@ _+8° glass for outer layers

The + 6 ° outer _rap was selected bocause of the 8° helix angle of the

flutes. It _as felt that this _,1ouldensure that glass fil_raentwould not

be cut during the machi1_ingof the flutues and would _l:,rovethe wear

characteristics. The prop_ies predicted for this corffiLnlrationby p_o_ram I

(2511) were the follo_ing
!

_ Axial Young's Modulus = 12 x 106 psi
, • %" _4

" 106'_ Shear Modulus = 1.3 x psi ("

%

• } Several tubes of this configuration were fabricated and cut into test

samples for mechanical and thermal property measurements. The aversge

:""_,_, mechanical properties mea_mred were

%

Axial Young's Modulus = 11.6 x 106 psi

Shear Modulus = 1.57 x 106 psi

Poisson's Ratio, = 0.20

, A typical compressive stress strain curve for this configuration is given

in figure i, '.

°

• ,o

• . ° I
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Several tubes of this configuration were tested in an actual drilling

envirm_ent. None of the tests were successful as far as total oporatiotml

requirements are concernad but from all indlcations it seemed that the

energy transmission characteristics of the tubes were good. When it was

possible to mcamu'e a dri31in_ rate, the rate was compa_'ableto that of

the current titanium design. It is, therefore, possible to tentatively

conclude that tb_iscon_figurationwould provide adeq1_te tran'_smis_lonof

percussive energy in a drilling environment.

F

3.0 JOINT DESIGN

From the b_ginning of the prog_n it was recogni_ed by all concelmed that

success depended heavily upon developing a joint wkich would meet all of

, the design requircmonts. To expe6L_tethis develo_._entit was decided early

•" ' _+ in the program in conjunction with Ls_ont Geological Observatory to fabricate

: two full size bit ex-_ensionscomplete vith flutes and provide a joint design ,3
f

.". similar to'that sh_n in plan No. 38597, Hole Casing String Apollo Lunar

• _ Surface Drill, Martin Company, Martin Marietta Corporation. This was

.... : . accomplished _nd the tubas were tested at the drilling test bed located at

•".-._ -...
Martin in Baltimore. The test was a failure in that the joint failed

, .; immediately when 4h,illing began. It was decided that this first attempt

at fabricating a Joint pl_ducedtjoint of rather poor quality from both a
l

fabrication and a machining standpoint..o

A meeting was held the following week at Avce between Avco personnel and

: / i '_ representatives of Lament Geological Observatoz_. At that time it was
: decided to fabricate another Joint of the same design m_ing every effort to

',_. 4' ,,.+;
:+.i_.,_/,., improve the fabrication q_mlity -ud to l_evide more accOrate and higher

; _%

, ,_'+., qm_llty machini_4_.._ +++' .

+';+_,+," :,+ . .,, 0_%,1_.

_',
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In additionta new joint design was p_,Olocedby }I.Gibbo_ of Lmnont

Geological Obsez_atory in %rh_chthe ws/.lthickness constraint on the joint

was relaxed thereby providing the possibility of increased strength in the

Joint area. This design is illusbrated in fi&n/ro2. Although the desi£vn

ropre_'enteda vei_fdifficult machining offol%, it was decided to fabi_[cate

a joint of this design for subsequent tesbing.

Both joint designs were fabricated, machined_and sup_21iedto Lomont

Geological Obse1-_ratoryfor teething_ s_ulated lunar surface test bed.

The q_ality of these joints _ms superior to any that were pre'_ously

fabricated and the 1,mohiningof the _:".ntwas extremely 'precise.

: The first joint vh_ch was of the original do_h, _._i:Acdduring testing at" j

L_ont Geological Obscrvato:t_. Its porforJnance I _.though superlon to previous

, testswas far from %hat which is required. An exe._inationof the fail1_e

_: indicated t.batthe boron had starbed %.0"broom" d1_cingthe test. %_is ,_:

<" phenomenon is si_iiar to _fhatoccurs _:hent_,o._t_7_brushes arc pushed together. _

•_ To correct this, H. Gibbon of I.amontGeological Observatory suggested that a

,_ metal insert be incorporated in the design so that the energy would then

,: be troasmitted from the boron in one tube through smooth metal surfaces to

_" the boron in the other tube. It was decided to incorporate this idea in the

second joint design. The metal inser_ is illustrated in the Joint drawing

(figure 2). The new Joint desiLn_was subsequently te_ted and failed. This

failure indicated a lack of axial strength _u_the outer layers of glass.

At'this point all possible alternatives had boon attempted to da_.e within

the alloted funds without obtain_mg a succossf_l Joint. Further Joint

develo_nent would h_,veto be fui,de_either by._noy wlzlchhad been allcted

to phase II or from a now source.
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Avco suggesbcd that any future joint dcv,_]op:,_cnt_rork_n the prograu should

include the use of a glass fabric for the outer layer of the tube. This

was prompted by the fact that the existing casing tubes are fabricated

from g2ass fabric and have never exhibited failures of the type which have

been experienced thus far in the p_gram.

Lament Geological Obsorcato_ suggested that Avco seek the assistance of

Mr. Wilson of Arbhur D. Little Co. who is an expel@ in advanced fil_ent

winding techniques. The basis for this suggestion _as the fce].ingthat

the problcaa_riththe join'bfo_luros s_c_.aedfrom filament winding techniqucs

and a ro_-,_.tin_pal.bof poor quality. _vco did not a[a'eewith this vie_./point

since the tubes fabricated by Avco had ,_ochanic,_properbies a b ].cashas

high and often higher than those predicted _mlytic_ly. This d/ffercnce

of opinion will never be solved satisfactorily, however, since Mr. Wilson

proposes to fabricate tubes _rlthouter wraps _rhoseorientation rill produce

mecha_ztcalproperties Similar to those obtainable from'glass fabrics _thlch '_"

Avco had proposed.

In a filml attemp5 to maintain the integrity and continuity of the pro_ram
I

: Avco proposed that limited funds be made available to 1.[r.Wilson for :_

fabricating a joint of his do_ign. The cost for this effort %,muldbe
@

absorbed by phase II _ding, b%_tif Mr. Wilson was successful, Avco would j

complete Phase II of the program for the original negot_._tedsum minus the

amount required for Mr. Wilson's effort. This propose.".-v_sunacceptable to i

.' Lament Geological Observatory who decided %0 fund I._r." " ,,nindependently

from funds which we_ _,ava'_ab!e for Phase II and to ca- :._IPI_so II fun,Umg

_.vco.

I
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In concluoion it can be st,atcdthnt the jolnt problem has nob been solved

at this t_ne. A nyriad of suggestions can always be offered wkich m4ght

prove the feasibility of the concept, but available fm_ding will severly

limit the m_b_r of these approaches that can be att_apbed.

4.0 FLUTE _[EAR

The wear chK_acteristics and the design of a flute fabricated from a fiber

reinforced plastic was of prime concern at the incn_tion of the prograv,.

Early in the prog3"amit was decided tl:atthe cxisti_,gflute design v_s th_

most feasible fron a fabrication st-_ndpointand attention _rasdirected at

finding ways to improve the _rearch_racteristics of the f3nto.

• To accomplish t_is _vco proposed that various additives be incorporated with

the resin ntilizsd in the design° The _Adit'!vesconsidered were

a) graphite po_ler '_'

_'• b) teflon

r.: c) chopped silica

These test_ were intended to give a qualitative assessment of the effects

that these additives would have on the wear eharacteristic_ of the tunes.

-_ The te_t _pacimens were fabricated as shown in fiance 3.

I
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_/ The te_ts wore conducted _n an Avce wear tester _rhichincor>_,ratedan

abrasive wheel which rotated _ith little or no nor_Tmlforce against the

curved face of the test spce_uens. The wear of a particular sample was

assessed by measuring the amount of test _:aterialremoved from a given

sample after travelling a given poriphcr_l distance. The re_ults of

these tents a1,agiven in the fello_d.ngtable.

_TEARTEST RESULTS

•" ' _.dditive Wear after }:ear_tfter
t:cave..[lin-,_r90 fb travc]lln_O0 ft

graphite .013" Worn through
l>O-_der

£

_. teflon .003 .027

,.

chopped " ".O0/+ .019 •
s_JLica

._, None '.010 Worn through

:

It is apparent from the table thai'both teflon'an_ chopped silica provided

improved wear characteristics for the tubes an_ both should be assessed in

any future develoF_ent programs. _

_.0 T|IE_4AL COI'_,JGTIV'ITY

The ther_ml conductivity of the final configuration of the AT_D bit ex_ennlens

was of prime Iml_r_ance tbro_gb_at the entire program _ince the _ucos_ or

failure of the en$1ro experiment _ep_ndod heavlly upon keeping tit;s p,_por_y
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at a low level. Sm_iplesof the final tube cor,15gv:cationdescribed in

, section 2.0 (3 layers of boron) _ere submitted to Avco's The_aal and

ChelaicalProperties Section for evaluation. Figure 4 gives the the_val

conductivity as measured axislly in a vacu1_ for the test sl_oeimens.

The values of conductivity ob5_incd are in the rouge of eer_u_fies.They
I

are higher than optimum but acceptable for the clu_ont program.

l

o• .

• • 1
I
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I

" INl'!O:)UCTION

The ALSEP Heat Flow Experlment will use two heat flow p_'obes each

e,..,_ac,,¢,in a 3 meter boreholc in the lunar surface. The borchole wall

be cased with a boron-reinforced filament-_.:ound fiber_lass tube used as

_n.. _,_I ste;:,. The ter_perature gradient and therr,_alconductivity

n:casure;uants made by the heat flow probes arc influenced by the thermal

pro',.articsof the borchole ca$iug. To provide c!ata nced,ed in estimating

the effects of the casing on the p=obe's _.easurements, we measured the

thermal conductivity of a typical section of the borehole casing.

Ii. Ni.:TH(_DAXD APPAib'_TUS

The longitud_.ol heat flo',¢method was used to evaluate the, the_nal

con/uct_vi.ny of a prototype section of boron-reinforced fiber,.lass tube,
15 i/2 i:_¢.heslong. After care'_uily measuring the tube dimen'sions, four-

teen 0.003" did,meter chro_.ne].-co_stantantheruocouples were cemented in

s.za]l holes drilled into the tube. Nest of the ther;_,ocou,_leswere

located _u the bozon l_yer of the tube; others _;ei'elocated in the

outer fiberglass layer. A !000 eh:a_lil'ewou;_d resistance heatu_" was placed
:.s:;_..,_,,..the tube at its *L:idpoint.and cemented to the tube with Dew Coming

340 epoxy. Col)per er:d l)!ueo._, _._£thcooling coils, %'ere fixed to each end

"of the tube. Ti_e void space within the tube _:as filled with open cell

urethane fo_-,mof aT,prox:h::atcly 2 ib/ft 3 density.: The.fqAm _c.q[:.dDctanceis

vc;.?2/:)gci,lo,.-.gr__thanthat of the san_ple and can be nc?,lectcd. The outside
surf,_ce of the tube _,as insulated with applo':imntely 12 'layers of multi-

' layei" insulation -- each containing an alm,_nized t:,ylarshield and a

" woven fiberglass cloth spacer. The _nsulatlon was applied in-a continuous.

wrap; the thermoeouple wires were led out from the casing sample tube

i %.:_thi_the insulation. A schematic di_grah_ of the apparatus is shown in

"Figure I.

' The boron-reinforced tube, together _ith thermocouples, end plugs,

heater and insulation were placed on a laboratory vacuum table aud

cove_'ed with a bell Jar. The assembly was evacuated to 10-5 Tort or less.

"A constant te_uperature fluid was circulated throuHh the coils of the

end plugs; electric povez was applied to the heater using a controlled
%

dc po_-er supply. An e.:perxmental r_:easurement consisted of: l) providing

controlled temperature fluid in the end plugs; 2) applying a constant -.,

electric power to the heater; 3) 'waiting a sufficient period (8124 hrs)

for a s-_..,dystate temperature distribution to be established in the tube;

I,) reco--ding the _he':n:occuple emfs (using a L&)l type K-3 potentiometer and
t_:ll _: :') e:-d the hc.a_er current and voltage. Measurements were made _t

: thr.-" "-.ratur_.l(:vels: roar, temperature, 230_K _nd 530°K, Temperature
"_ I',_.,.,L ' i', ..... '_,tU %','",: aq.fi_lr.ate -t6-_._o'J.t. -;fi , _.5':G. "-,e,_{'._:e_t,'_l"h_"T_'l';-'-'_-'"POWer _.eve: ._

, .--

) r,,,:J,,.il::a,tic • .as we,:,'_c..:_uu._i'¢c,au :.dditt'.:.o_:al1;:y_:_('f f._bek',zl._uSin--

, th,_.mWa3 added to th_ ou_sld_ o_ _ha al_-eady! sulaah-.n ,_:.. ::.a_ely I/2" *""

i ' " ' '°'| •
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III. ],,,S....LS It,q)DISCUSSION

Tim original concept of the measurements required that the radial

heat interchange between the tube and it:_ surroundings be small so that
one di._en:;io_al heat flow in the bore tube would result. Under these

co_ditio;:s, the temperature distribution in the tube.should be linear

and the conductance of the tube (the conductivlty_area product) could be
ev_,!uated from the heater power and slope, of the temperature - distance

curv. Because of the low conductm_cc of the tu_.,e,its relatively ,.
hloa surface area, and the low insu]atJug effectiw.ness of the insulation

applie$ to the tube, radial heat flow was significant in almost all tests

and an alternate method of al,lysJ_s had to be adopted

Figure 2 shows typical temperature profiles for sew:ral tests at

room te:npcrature. Eote the linearity for tests 6 and 23 and the

curvature for test 5. l!i[.,hand low te_apcrature test data are sho_

in Figt:rea 4 and 5. For the:-;etests, the larse radial heat flow
made it diff/cult_ if r_ot ir.poss,ible, to derive reliable qalues of con-

dvctance at Io..._anu hJg_ " "_........• " re,.,_r,_u,.eo; ho;_ever from te._t.sat room ten-

perature_ l,a_aCt,_._ly those where several power levels _cere used,
reliable values of conducta'nce can be determined.

A. lloom Tca.:;ararure l.e.s,:l_s

• Test runs 6, 7, 14, 19 and 23 were conducted at room temper-
:. ature _,,itha .celativcJy low powt:r spp!ied to the heater. Because of

the s_,'all,.-r._cJ_erc,,ce between tl'e tenper,_ture of the Boretube and the

surrou:_dings, radiati.on losses v'ere sr,al! and the te_mperature gradient

:;. along the tube was almost linear. If we assume negligible heat losses,

• the conductivit#-area product can be calcvlated from the equation:

' (1)
_.. : AT/L

"'. where q is half of the electric po-mr applied to the heater (one half

•" flows in each dir.ec_ion), and AT/L is the temperature gradient. The
results are shown below:

!

T(,s__t Heater Po:".r Averap,e Temperature :-: kAx

i (watt) (°K) . (_att =m/°K)
6 . .0079 _00 " 0.012

I .,

7 ;.0075 300 • O. 012
14 1.0031 296 0.013

19 ..0077 299 0.015

23 .0079 ; 301 0.013 i

!": and Indicate tha_ the conductancd is proba_Zy 0.013 + 0.001 watt cm/*K.

_._

i
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llo-,'averjcareful examination of the te_;]perature-distance plots

show some curvature, particularly for those tests at higher heater power.
and at locations near the center of the tube.. This is expected if heat

is lost from the tube to the murroundlngs.

As an alternate method of evaluating conductance, we assumed

that the heat losses were proportional to the difference between the

average tube temperature, Tin, and the ambient temperature, T , ThenO

the electrical power dissipation can be related to the losses and the
heat flow in the tuba as follows:

kA

% = -F (Tl - T2)+ % -%) (2)
• Jl,,

where T1 and T2 are the heater temperature and beat sink temperature_

D is the tuba dianeter_ L the tube ].e}_gthbet:Teen the heater and the

heat sink_ and h i_ the heat transfer eu@fficicnt, Equation 2 can be

rearranged as fol_ows: - : .._.

qh kAx ('_- "r2)

,: "(Tm - To) = L (Tm - T ) + h_DL • " t e (3)O

" T1 T2
le

For an almost linear gradient in the tube T n •+

2

A plot of q. /(T - T ) versus (T. - T.)/(T - T ) should give a straight
,: ., ri _ _ 0 . _- .t £ >L 0 .

line o_ s.Lope :¢i:.i/L and zn_ercc.pt h_ DL, t,_us providzng a means for
X

estimatir= h.k>/L and h. Figure 3 shows such a plot for the room
temoerature c,ata, including the points where losses may be significant.

In drawing the line through the data, the resul.ts of _est 17 were

weighted only slightly _)ecausu of" the small t_perature drop along the

tube (0.45°C) andsmall difference between the ambient temperature and

the tube temperature. Similarly, in test 5, the data point was discounted

since tl,eheat losses were the greatest and .the temperature-distance

curve :'as decidedly nonlinear.. From the slope of the plot of all other

data points from tests at about 300°K, the value of kAx is found to be
approximately 0.0!i watt cm/°K-- slightiy lo_Jer than that assuming no

' heat losses. From the intercept, we find that h = 2.i x i0-6 watt/cm2°K. !

The radiation heat losses during the tests can also be. estimated

uzing an analytical model where a cylindrical fi_ of length L has its

ends held at temperatures T] and T2 and is radiating to surroundings at To •

The temperature dlstrlbuti_, in the tube is:

T - T - (T1 - T.)-sinh re(L-X) + (T2 - To) slnh r.x (3,)

_..J. • Girth (mL)

wh_re TI _( T.2 _re the. temperatures at x,,0 and at x-L, respectively.

; .'_y. •.ucl:;;_, _hcoretieal and experimental tem'2ezature profil_, the
v_.iue of ;,,L<-:n ba estimated, where;

!
- - _ : " "

_4_'_x" . :,. ;
O-o , i , . , *
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g:.'.

' _x n_L "" 4o F FA T3 (5)

In Figure 2, thc:_retical curves are _,hown for mL = 1.0 and mL _ 1.2.

:.:The o_._ match is obtained at about mL - 1.3 which correoponds to a value
of

h = _(2.5) _. = 8 x i0-6 watt/cm2°K (6)

Th_s test was conducted before the 1/2" fiberglass insulation was

installed and represents the effect of 12 wraps of multilayer insulation.

Ti_e equivalent e,_Jttance factor would hnce a value of F -'..013. The
e

theorc,tical factor for 12 ideal _raps having an emissivity of .025 per

surface would .be about .001. The actual insulation perfon:_anca is less

good th:._ hnLicipated, although the idea], value could _o_ be _chieved in

p_:_ctic_,because of effects.such as i) the. cond'octance through the
space': 2) the spiral _:rap (instead of floating coacentric snlel_s) 3)

, presence of ther:_ocouple leads 4) slightly tight wrap.

Tests following #16 _Tere run with addition_l insulation installed

ou_:._._...... uultilaycrs. One might expect to see in Figure 3 a displace-

ment between data from tests 5, 6, 7, 14 and from tests .17, 19, 23 which

would indicate different values of the intercept or equivalent loss

. _ coefficient, h. Test 5 may reflect this effect, llowever, tests 6, 7 and •

14 all had "cold end" ter,:peratures below room temperature so that" heat)
•. ,_ could be lost to the surroundings near the warm end and gained near the

- cold end. Eet los._,eswould be sm-nll for these tests and would not give

/ i[: a realistic csti_:_te of h. Close examination of the te_,pera.ture
" profile for Test u (figure 2) shows this effect since the data actually

•_¢ indicate an S-shaped curve arourd the ,_raxgh_ line drawn. The slope
• _ decreases slightly with distance from the heater at L,_,..warm end

... > indicating a heat loss %'he opposite effect can be detected near the
:.....,.._.{ cold end.

'_ :',,.;:__ B. Rich Tc.-_erature Results

• , Data at about 330°K were obtained by controlling end temperatures

: at about 65°C. Data from a typical test are shown in Figure 4. Thi._ test

was conducted at a high power level and the shape of the curve is
• indicative of substantial heat lo.qses. In earlier tests with no power and

with low power, the heater teraperature was actually lowe_" tbn:_,the con_rolled

end ter.peratures since the systei was losing.heatto surroun_":_gs a= about
22OK

t. '. : I • I i i o., .o. •

'::::':,,i."":

':_'__..,: .'_

..... . ....
i
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[, The same fin model described in tile previous section (equation 3)

,:i_ again is applicable and alloys an estimate of losses to be. made using

_. eqs. 4 and 5. For test 51 sho_ in Figure 4 e.nd for the q = 0 test, the

bas_ match was obnained using mL _ 0.6, T1_is corresponds to •

2
•011 0.6 watts

h = _(2.5) 17,---'1_= 1.7 x 10-6 -- (7)cm_. °K

or 1.7 x 10-6 "

Fe '_ 4"(5.67 x Y0 -3'2) (350) 3 " .002 (8)

•n_.s !._ for the system _fter addition of fiberglas.,-insulation over the

!_ multi]{_yer w_;ap. TLe r:agnitude of this value seci_:sre_.sonable and is in agree-
; ment with the value of h obtained from the intercept of Figure 3,

C. Lo',: Tc ..... r.... _,re Re_-;u!ts

_, Figure 5 presents the temperature prof_].e for a typical ].ow
temperature test. In these tests_ the cooJant te:__peraturewas co_-¢

_, trolled at about -65°C. Since ...._' '"" t,,_ _,urroun_,_ngs _.:areat about 22°C,

< in these tests heat was flowing if:rough the insulation into .the te_t
•section. The shape of the profile jn Figure 5 shous this effec=.

The fin aralysis indicates that mL ,_0,7 for the low
"_-' temperature tests. The equivalent value of h is about 2.3 x 10-6%

watts/ami°K. This red,resents radiation frc:u _l;out a ,00 K tenperature
:i'i level and would result in an estJL_.ateof F F '" .004. Eo:,;ever_since
.:.; the outer insul_tlon "is now the heat soprca_ e th_ effective area facto_..

.._ Fa is likely to be greater than unity.

• : _." IV. CO..ChLS. O,_S

.:'...._ I. The measured conductance of the boron-relnforced epoxy - "
_ . fiberglass casing at 300°K is about 0.011 wat_ cm/_K. This value

• '_¢': has an accuracy of about + 10%.

._ 2. Tests at 230_K and 330°K temperature levels give results

: ' cons'istent with the room temperature tube conductance and reasonable

losses or gains of heat through the sample _-,,sulation. These results

are not sufficiently accurate to allow an experimental determination

. " _he conductance variation with .temperature level.

3. Previous predictions for casing conductance based on geometry

', _z_d literature values for boron, tungsten and epoxy-fil,e£glass

"]';_'_"I'indicated values of lu\ = .025 wau_ em/°K at 200°K and ,, .020 watt ¢m/'K

_.z _vO .,,. The difference in predicted and r.,eas_redeon:_uctances

p::o'.,:.i;!yis due to uncertainty _n th _, co:.ducta"r.::qf the boron fibers

:,":;:_"• whi::i-r_orc:;en_ 757 o_ ;'1,c:casin U cond,,,:tance. ";o data for boron fibers
, %.:

:,:.... "._,'c_v.... c_,so lizeraturc values for boron _ry:_. Is (1)N.m,re used in t',e

.._,_ calcu!a:ions. Deviation from a pure c_ys_alllr.,. :',:n_would lower con-$,uatanee, therefore th_ m_asu_ed valu.e.sare _o.-_. .:at %-Ith expectations

b-'-J_don th,-'predic_cd values. Tho 107, doc_ea_:, c.onductanc_ between
',;.0.4

_._;:_.-..
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• .. , , . • .. .;f , '_ , , , . , .. ; _:,',,::.; '_ ." , _" ..'.r'.,._,.,, •.'.. I. _:. ,._,, ._ ..'',l,r, . .' . .' , , .." ,; ..
i "I , .

d -"

200°K a,-.d 300°_" reported in tht: literature is probably applicable to
the e::perin_entaldata•

V. R_CO.... t..dlA_IONS

The following"values should be used aB axial thermal conductanceo
for _hc I'FEdrill casing:

k._ = .011 +.001 watt cm/°K at 300°K ,.;X i

,

k_ x = .012 .g .002 vatt cz/°K a_ 200_Y, ,i
, !

°

I
I

6

i
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"" 1

: SI_kRY OF TESTING AT L._IO,,TIN JA_NUARY

Purppse:

1. Test the new taper joint fabricated by ADL° •

2. Determine the drilling rate with the sol,ld-faced bit using three

types of drill stem: titanium, boron reinforced fiber glass, fiber glass

with axial glass core°q

3° Determine drilling rate using the new 1_" diameter bit.

Procedure:

," i

: Test of taper joint: i

I. Run the new taper joint for a short period im the barrel of basalt [

• dust. Run drilling tests in the dense basalt block for a total of about [

';i five minutes. Then run drilling tests in vesicular basalt for five minutes.

'_i];i"'_'!:,,_ glack and _ecl_er_tary percussive drill _del _723. Lamont drill te_;t

)_;i faciiity,"ADL boron reinforced epoxy fiber glass taper jolnt }bdel 02, ADL

_ boron reinforced epoxy fiber glass drill stem; two Joined 20" sections,

•:r; ADL fiberglass tube axially reinforced with glass fibers, ALSD titanium

, drill string. Four types of Chicago-Latrobe drill bits: the 1.027" dia-

meter solid-faced bit (LaiQontmodlflcation), the 1.027" diameter coring bit

(flight configuration), 1.125" diameter coring bit, and 1.250" diameter cor-

J.ng bit.

"-_'";: r_-scr4-r _on oftests:

; •

i
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• 2

, Test of new taper joi t

Test Test Type Type Drilling Penetration
Number Material Bit Stem Time Start End

1 Basalt Core Boron 15" .........

Dust 1.125" Taper
_. Joint

i

'_f Remark._:

_ At the start of drilling the top of the femmle joint began to discolor
2.

@ i_nediately _nd a fine yello_.rish-white powder formed in front of the steel

reinforcing ring on the female joint. Afte_ drilling do_.m once, the joint
P

was slipping freely and was very hot.

Diagnosis :

#

Precise measurements were made of both the male and female _oiut. with

the results sho_m below.

........... _ _L._i ___ ......

.969 .971 .9 7 .992 .969 .971 .977

I .987

= II
From the measurements it is clear that uhe .two tapers are a snug fit

when mated up. Initiaily however 'the male should be .004" larger on the

diameter point for point so that radial stresses are built up when the two

Joints are firmly mated together. It appears however that one of the Joints

had Ziven so that this interference was lost. Later tests showed this ex-

pausion was probably in the £emale.

i
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g: January 24th we tried to brin the female back do_cnto size by means
.f

_" of brass hose clamps. However these hose clamps easily shook loose when

percussion started. Tests with hose clamps yielded results similar to

those on the preceding day.

Tests of drilling rate:

_. TABLE i: Results of drilling rate tests January 23 & 24, 1969.

" _ Test Bit Stem Penetration Drilling
_ Number Start Stop Rate
# ......

_ i Solid Boron 0.211 1.248 1.037 in/rain.

_ 1.027

2 Solid Boron 1.248 2.239 0.991 in/m:Ln.
i.027

3 Solid Fiber 2 239 3.156 0.817 in/min.
e

i.027 Class
-_

i::_ 4 Solid Fiber 3.156 3.971 0.815 in/mln.

i_iiiill i.027 Class
5 Solid Boron 3.971 4.944 O.973 in/mln.

_, ¢ 1. 027

_!i 6 Core Boron O.161 O.480 0..319inlmln.

1. 250

7 Core Fiber 0.480 0.744 0.264 in/rain.
:": 1. 250 Class

8* Core Titanium O. 744 1.051 0.460 in/min.
1.250

11 Core Fiber O. 066 O. 593 O. 527 in/attn.
1.027 Class

i ! !iii| ,, ,c°",,, o.,,,
_':" 13 Solid Titanium O. 601 1.445 O.844 in/aft n.

!_ 1.027
•"-,,._! " The £1utes, vllich aLso have a diameter of about 1.250, ;Jammedon walls

i_]I of hole. Zhl= can be cured by cuttla$ down flutes.
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_!i Test material was dense basalt. The duration of ,-Ii drill tests was

_ one minute except for test 8 which was 40 seconds.

Discussion :

_: The cause of the failure of the taper joint was the loss

of the interference fit when the joint made up. This appeared to result

f.

from the expansion of the tapered female sleeve. Secondary effect was the4

_, actual grinding away of material on both taper surfaces when they rotated

_ relative to one another. However this grinding, would not have occurred had

the female sleeve not expanded.

_. This is the first time in the development of the taper joint "that we

?-

_[ have had slippag.e due to torque once the joints were mated. In my opinion

_ thls was due to intrinsic weakness in the female sleeve. The glass fila-

hlgh circumferential strength thus allowing the sleeve to ex_pand under quite

low radial stresses.

Secondly, the inside taper of the female sieeve has been reileved where

it Jolns the body of the stem so that when the joint mated, all of the strain

was taken up _u the sleevealone. Earlierthe tapers were straightand

some of the radial strain had to be taken up by the body of the drill stem

beyond the taper. In addition this model of the taper Joint had very strong

steel reinforcing rim 8 inserts which prevented the stem fro_ _vln 8 radially.

These difficulties can be overcome by:

1. Strengthenins the female taper sleeve by a c/rcumferenti81 wrap of

glass fibers. " .

2. Return to the straisht taper so that the body of the stem helps take

... .,,.,_.,., . ,-'..:_-,:...:':_,_.
• . . • .:,_;_ .. ...' ,, _." _',_ ...._._q_
' * . ." : ".." ._._::',x_ ':- " _? ._ ..
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up the strain when the joint is mated.

3. Remove the steel reinforcing rings to increase the radial yield of

the stem on both the male and famale.

Removing tilesteel re_nforcing rings results in a secondary problem.

Some cladding must be provided to end off the boron filaments to prevent

them from dela1_dnating under the stresses of drilling. The drilling per-

formance of the fiber glass (see the results of the drilling rate tests)

suggests that if we end off boron fila;nents with circumferential glass

filaments there is little loss in the percussive energy.

The removal of the steel reinforcing rings _,_illgreatly improve the

thermal performance of the drill stem, since it will have a uniformly low

conductivity along its length.

Discussion of the dr_]lin_ rate tests: _ .

To make drilli_g rate comparison tests we used a block of very dense

basalt. This rock is quite uniform in hardness and texture throughout and

|• numerous tests show that quite repeatable drilling rates are obtained in

different parts of the rock slab. The test results presented earlier and I

the re=ults of tests taken the first week in January are given in matrix _

• form below. Primarily we vary the drill stem material. With each type of i

drill stem we used four different bit configurations and sizes.

°
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/ Table of drilling rate in in/rain.

.%-.:

"" Type of
Drill. Bit 1.027 Kerr 1.027 Kerf 1.125 Kerr 1.250 Kerf

Type of_ Solid Area Core Area Core Area Core Area
Stem (0.821) (0.391) (0.558) (0.789)

J

Fiber

Glass 0.82 (2) O.53 (I) 0.44 (i) 0.26 (I)

.i

Boron O.99 (2) i.20 (i) 0.71 (2) O.32 (i)

i_i_ Titanium 0.84 (i) i.i0 (i) 0.65 (i) 0.46 (I)*

All tests were mad. e in dense basalt.

:_ All tests are based on drilling one minute except that marked with an._

• asterisk which lasted 40 seconds•
_ t

Number in parentheses gives number of tests averaged:

The solid-faced versus tlle core bit:

The lo:,7rate when using fiber glass stem and a core bit 1.027" in dia-

meter is thought to be atypica !. The results of comparing the two types i
!

of bits _rlth the boron and titanium are probably more valid. 1%ese results

indicate that the energy required to break up the core reduces the drilling

rate about 15 to 20%. This reduction is certainly not in proportion to the

volume of rock being removed. Thus a solid-faced bit can be used on the

ALSD with very little reduction in the reliability.

Comparison of bit sizes:

Comparison off columns 2, 3 and 4 summarized in Figure 1 show a reduc-

tion in drilling rate with kerr area,
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: 7

[2]Titanium Stem

Drill rate "'_ Q Fiber glass Stem
in/n[in [ '\

1.0 .... \ --_

4

?: q_ \ _" " r.,

I

_ 0 ....
.2 .4 6 8 1.0

•_' Kerf Area in2

Figure 1. Drilling rate versus kerf in dense
basalt.

To a first approximation it falls off in proportion to the kerr area. _-

This plot clearly shows,tllegreat advantage of La.-ontsolid-faced bit de-

sign.

One very in_ortant consequence of these tests is to show that the kerr

area must be kept to a minimum. In making a solid-faced bit 1.125" in dia-

meter it is desirable to keep a kerr width of _41. Thus the kerr a:'m:_uld

be 0.436 and we can predict a drilling rate of a core type bit of about 1.0

In/mln with titanium or boron stem. With addition of a core breaker the

rate would probably be lower to about 0.80 to 0.85 in/rain.

+Comparison of different types of drill stem:

Table 2 show8 that the results of boron reinforced epoxy fiber glass

stem are very comparable with" those ob_alned with tltsnlum. However the
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REPORT OF TESTS I

TO MEASURE Till; RISE OF BIT TEMPERA_UP, ES I

DURING THE DRILLING OF DENSE BASALT i

by _

Marcus G. Langseth, Jr and Richard Perry• !

• !.
t

I
f

Purpose: i

The purpose of these tests is to determine the temperature rise in the I

vicintiy of the drill bit during the drilling of _olid basalt.

Equipment•

,. A. Drilling:

i. ' Black and Decker rotary percussive power h'ead.
'"

2. Two suctions of boron reinforced drill stem.

': 3. Two .sections of fiber glass drill stem reinforced.wlth ayially

". aligned glass fibers.

4. One solid-faced 1.027" diameter drill bit.

_ 5. One coring bit (badly damaged) 1.027" in diameter.

6. One block of dense basalt.

3. Temperature measurement:

I. Three copper-construction ther=ocouples.

2. One Ice bath.

3. One ternLnal board and rotary svttch. •

4. Ice bath for reference JeactXons.

.5. InsuZated thernocouple nounting board.

Description:

See ]rXl_Jre 1. The three thermJuncttou vere mtmted Lu s pXeee of

paperboard thai: :J.s attached by a rape hJaF,e to a second board. (me of the

: •
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boards had an indeDtatic,n to receive the end of the drill stem. The inside

of the boards were covered by a thick soft 1/4" thick paper insulation•

The thern_ocouples were mounted In such a way that when the drill stem was

in th_ indentation and the boards closed I 5cthcr, Lhe junctions made con-

tact with the drill stem i", 2", and 3" frola ti,e end of the drill stem•

The Junctions were coated with a heat sink compound.

The terminal board and rotary switch allowed the thermoeouples to be

switched one at a tire into the Varian recorder. Fuli scale on the record-

er equal.u about 200 ° C.

Procedure:

Using the B & D power head and the boron tube the hard basalt was

drilled for a given duration of time (i to 4 minutes). After co_l,_.tion

: of the drilling period, the inwer end of the bit was tzhnsferred to and

enclosed in the thergoJunction board. Ten second readings of each thermo-

couple were made for about one minute, i
]

Experiment results:

1_ Table 1 shows the maxlmnm temperatures reached by the three thermo-

S, couples •

• • °

• o

,.4
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TABLE I • !

Run Duration of Temperature °_C at thermocouple locations relat'ive i
Number. Drilling iu to bottom of the drill bit :-

Minutes 1" .......... 2" ............. 3" ....

1 1 49 47 32 '

2 1 54 45 45 ?

3 2 66 61 38

4 4 88 79 54

5* 2 6G 57 31

..- .

*Coring bit used on this run.

These res-lts are plotted graphically in Figure 2.

-q

" Uncertainties and errors: _

•Nearly all errors will result in underestiumtion.of true temperature.

:. The most important causes of error are: _

i. Heat loss during the transfer of the drill from.the hole to the

._ thermocouple board. On the average this transfer can be made in about 5

seconds. Some earlier tests gave information about how rapidly the drill

stem end and s'olid-facedbit cool in dry air as a function of temperature.

.. .TABLE II

i Cooling; rate of drill'in still'air as a functlon'of'temgerat_Ure
"[lnitia_ Te_eratu,:o'_C_' _ - -AZ/At "C/s,,c.

176 ° C . 0.233

." 148° C ; O. 200

120° C 0.150

6s'_c ..... o.1oo...... . ....
.... -= i _ i i

o

I
o

i
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Fro_ the results in Table II it is scen that the ten@erature drop dur-

ing the transfer was probably from I to 2° C.

2. Poor contact between the drill stem and the thermocouples: i

A strong effort was _.mde to assure good contact. The there.o-

couple beads projected approximately I/4" from the insu]ation so that when

the drill stem was inserted, they would be spring loaded against it. Sec-

ondly, a silicon heat sink coi:Lpoundwas dabbed on each thel_locouple to de-

crease the contact resistance.

Good contc ct during a test run could be deterrdned in two ways. a)
.

The temperature trace obtained _.'asstead#, and b) The silicon heat-sink

•

compound left a good sr,_earon the drill stem. When operating properly,

errors introduced in this way are probably less than -2 o C.

The error of te_,iperaturemeasurement with the therraocouples based on

tests in i'cewater and boiling water are no _re than +2° C.

Thus we conclude that at most the temperaturesdetermined for the drill _:

bit are underestiwated by no .more than 5°C..

Discussion: :

Drill bit temperature during drilling: ""

ThermoJunction _3 is placed so that it measures the temperature

at the steel insert that holds the central carbide blade. The temperature

•rise at this loca'tion is seen to be roughly proportional to drilling time

after an initial _apid rise: .After three minutes the rate of rise of

te_:;l',_ratureis spproxlmately i0° C pe_ minute and after ".flye _,_nutes.would

re_,:" about !05° C when errors are a=countcd for.

I • a •

,*

i
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_'; Thermojunction #2 is located so that it measures the temperature at_+,:

:" the threaded joint 'between the drili bit and the stem. In the solid-faced

bit this.point is very w_'ll coupled thermally to the steel insert. Thus

tl_e temperatures at this point follow those.of thermojunction It3 very well

m_d appears it weuld reach a maximum of 95° C after five minutes of drill-"

ing in dense basalt,

i:' Thermoju'_ction #i is.placed to measure the temperature of t;ne titanium

drill stem one in. habo,:e the threaded coupling, The temperature at this

"%

_: - point appears to rise mu.ch less rapidly and.would reach a ,raximum of 70° C

• after five minutes of drilling.
• , ;°

One test using a coring bit was run fnr two _:_inutes, The temperatures

• _ measured "are sho'_m as squares in Figure "2; Except for thermojtmction #1

+ +:' the results are yery nearly the same as _Tith the solid-faced bit,. This

i!_ result _ms unexpected since it was anticipated that large thermal mass of• .. ". • -

"+ _ -. ". +

.._ . the solid-faced bit would result in substan_ially lower tenperature, gow-

{')_ ever, it appears that this .e_fect is Offset by the lesser amount'of Work

, done and the heat absorbed by the remaining internal rock core. ,,

:+! + +i+
:;._-_" Additional considerations: " "" ;i

;" Although the cutting of rock in the drilling is the.most important ..

_ source of heat, a large a_._t of heat is also produced at 21oints due to "a

i "•mechanical mismatches particularly mismatches in .elastic propertie.s. Thus

,, + at Joints where the fiber glass tube or stem .is bonded to a metal insert,

a great deal of stress w_rking occurs and significant temperature rises

result. Ab.ove certain temperatures thls process becomes "run away" since

the epoxy £1ber glass.beglns to lose its elastic mo'duZus a_g increased

+.

. , • ..

I " 't • Ii
6
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working and heating results• This process resulted in failure at two bond-

cd joints during the testing described here. In both cases the bond broke

do_,m due to high temperatures. The bonding material loses its strength at

temperatures greater than 70° C.

Several steps can be taken to a_inimize the above dongers.

i. Ren'ove any bonded joint at least 2 _nches from the coupling vith

th_ dri]l bit to avoid temperature rise frovl _uaL eo_ducted up from bit

f_qe. " "

2. At each joint try to avoid mechanical mismatches to whatever ex-

tent possible by matching elastic prope_-ties and mass per unit length
.

" closely across the joint. This may be a _:_j6rproblem of designing the

adapter.."

-r. 3. Use epoxy compounds and bonding agents tl,at retain their ...... -

.-_.. at" temperatures up to 150 ° C at all joints. J
i

4..Use circumferential wraps to radially strengthen bonded joints. _

i! Recormn_endat_on: The body of the adapter being built for the boron

P m

filament drill stem should have the following dimensions.

._ "

• °

• .. "_ •. . • • . , _

iI "
o,
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